risk for coronary heart disease (Sagara et al., 2003) , reduced problems with diabetes and obesity (Bhathena and Velasquez, 2002) , improved bone and cardiovascular health, and decreased menopausal symptoms (Brouns, 2002) . Soybean isoflavones are also positively correlated with other important traits. Among the traits positively associated with isoflavones are yield (Primomo et al., 2005; Morrison et al., 2008) and aphid resistance (Meng et al., 2011) . Linolenic acid, an undesirable fatty acid found in soybean oil, is negatively associated with isoflavone content (Wilson, 2004) , suggesting that reduced linolenic acid genotypes would have the added benefit of increased isoflavone levels. The soybean plant also benefits in several areas from isoflavones, including stimulation of soil microbe rhizobia in root nodule formation for nitrogen fixation and antifungal and antipathogenic activity (Ogbuewu et al., 2010) .
Improving soybean isoflavone content can be difficult because of its quantitative inheritance nature (Meksem et al., 2001; Kassem et al., 2004; Kassem et al., 2006; Primomo et al., 2005; Zeng et al., 2009 ). Heritability estimates for soybean isoflavones are inconsistent, ranging from moderate (Primomo et al., 2005; Zeng et al., 2009) to high (Gutierrez-Gonzalez et al., 2009) . Gaining a better understanding of the genomic regions that control isoflavone content would be beneficial for making genetic improvements. Several studies have sought to identify quantitative trait loci (QTL), which control isoflavone content. Meksem et al. (2001) identified seven QTL for genistein, daidzein, and glycitein on five chromosomes in a population of 100 recombinant inbred lines (RIL) derived from the cross between 'Essex' and 'Forrest'. Following up on that study, Kassem et al. (2004) used an increased number of molecular markers to screen the same population of 100 RIL and confirmed 6 of the previous QTL, while detecting 2 new QTL. Kassem et al. (2006) revisited the Essex × Forrest population using the composite interval mapping (CIM) technique and only confirmed two QTL from the previous mapping study, while detecting 14 new QTL. Primomo et al. (2005) detected 17 QTL for genistein, daidzein, glycitein, and total isoflavones on nine chromosomes. Of particular interest were five QTL located on nearby genetic regions to those previously detected by Kassem et al. (2004) , who used a different population grown in different environments. In a similar study, Zeng et al. (2009) detected 11 QTL for genistein, daidzein, glycitein, and total isoflavones on nine chromosomes. That population of 136 RIL, derived from the Chinese cultivars Zhongdou 27 (high isoflavone parent) and Jiunong 20 (low isoflavone parent), was grown in seven different environments in China. A similar analysis of a cross between 'AC756' (low isoflavone parent) and 'RCAT Angora' (high isoflavone parent) grown at two locations in Ontario, Canada, detected QTL for genistein, glycitein, and total isoflavones in a similar region on chromosome 7 (Primomo et al., 2005) . Additional QTL have been detected by Gutierrez-Gonzalez et al. (2009 , 2010b , who examined major and minor QTL for soybean isoflavones as well as epistatic interactions.
Further challenges for soybean isoflavone improvement include the significant impact of environment on seed isoflavone content (Eldridge and Kwolek, 1983; Gutierrez-Gonzalez et al., 2009; Murphy et al., 2009) . Environmental factors influencing isoflavone content include temperature and moisture (Lozovaya et al., 2005) as well as soil type (Barion et al., 2010) . These challenges reinforce the need to select QTL that are stable across multiple target environments (Bernardo, 2008) . Additionally, increasing the efficiency of phenotypic analysis is an important consideration for breeders interested in making selections among a large number of progeny of a population. Another important consideration for soybean isoflavones is QTL detection based on maturity, as genistein, daidzein, and total isoflavones are positively correlated with maturity (Primomo et al., 2005) . Once detected, QTL may be used for marker-assisted selection (MAS), especially when confirmed from previous studies. There are several advantages in using MAS as a selection method for some traits where that technology is effective, including increased reliability, improved use of time, and reduced cost in comparison with conventional methods such as selecting on the basis of phenotype (Torres et al., 2010) .
To clarify phrasing, confirmed QTL and positional confirmation of QTL will be defined as used in this paper. A QTL is considered confirmed following the standards of the soybean genetics committee (SoyBase and the Soybean Breeder 's Toolbox, 2007) . Briefly, a confirmed QTL must occur in a population resulting from an original set of meiotic events consisting of one or both parents from the original study, in which the experiment-wise error rate is 0.01 or less. A positional confirmation of QTL in this paper will be considered following the same standards as the confirmed QTL, except that for a positional confirmation of QTL, both parents will be different than the parents from the original detection study.
The objectives of the current research were to: (i) identify soybean isoflavone QTL stable over multiple environments, based on maturity; (ii) confirm or positionally confirm isoflavone QTL from previous studies using the near-infrared reflectance spectroscopy (NIRS) measurement technique; and (iii) examine for phenotypic correlations between isoflavones and other important agronomic and seed quality traits for soybean.
MATERIAl ANd METHOdS

Plant Materials
A population of 274 RIL was developed from the cross between Essex and 'Williams 82'. Essex is a maturity group V soybean cultivar with a determinate growth habit, purple flower, and gray pubescence (Smith and Camper, 1973) , while Williams 82 is a glycitein in milligrams per gram seed weight on a dry weight basis. Values for total isoflavones were obtained by summing genistein, daidzein, and glycitein. Values for protein and oil concentration were obtained on a 13% moisture basis and converted to grams per kilogram on a dry weight basis.
dNA Extraction and Molecular Analysis
Samples of DNA were collected from crushed leaves of RIL and parents using the Qiagen Plant DNeasy Extraction Kit (Qiagen). The RIL and parents were screened at USDA-ARS, Beltsville, MD, with 1536 single nucleotide polymorphism (SNP) markers from the Universal Soybean Linkage Panel (U.S.L.P. 1.0) . The SNP markers were screened using the GoldenGate assay, which was performed as described by Fan et al. (2003) and Hyten et al. (2008) . Polymorphisms were detected in 480 of the SNP markers.
data Analysis
The data combined over replications and locations for genistein, daidzein, glycitein, and total isoflavones for each maturity test individually were tested for differences among RIL using the MIXED procedure in SAS 9.2 (SAS Institute, 2008). Random blocking factors in the model included environment (E), genotype (G), G × E, and replication. A similar model was fitted replacing the genotype term with a stem termination (ST) term with the exception of the ST × E term, as there was no difference in ST between locations. This model was fitted to test for isoflavone differences between indeterminate and determinate RIL. The CORR procedure was used to obtain phenotypic correlations between genistein, daidzein, glycitein, total isoflavones, and other important agronomic and seed quality traits for soybean, including maturity, lodging, height, yield, protein, oil, palmitic acid, stearic acid, oleic acid, linoleic acid, and linolenic acid. Heritability estimates for genistein, daidzein, glycitein, and total isoflavones were calculated on an entry means basis for three replications and three locations according to Nyquist (1991) . Variance components were determined with MIXED in SAS 9.2 (SAS Institute Inc.) using REML estimation.
A genetic map was estimated from this population using R/ QTL package (Broman et al., 2003) in the R language and environment for statistical computing (R Development Core Team, 2009 ). This map, along with the least squares means (LSMEAN) combined over locations for genistein, daidzein, glycitein, and total isoflavones was used for QTL identification with QTL Cartographer software v. 2.5 (Wang et al., 2011) with the CIM procedure. Analyses were conducted with the standard model Zmapqtl 6 in the CIM procedure with a 10 cM window and a 1 cM walk speed. Since this was an F 5 -derived population, heterozygote marker loci were excluded from analyses as we were primarily interested in additive genetic effects. The empirical logarithm of odds (LOD) threshold was determined at the 5% level of probability with 1000 permutations for each trait in each maturity test (Churchill and Doerge, 1994) . Any QTL whose LOD score exceeded the empirical LOD threshold was considered significant. For QTL that are confirmed or positional confirmations from previous studies, an additional LOD threshold was determined at the 1% level of probability using the same 1000 permutations (Churchill and Doerge, 1994) . The LOD thresholds at the 5 and 1% probability levels for maturity group III soybean cultivar with indeterminate growth habit, white flower, and tawny pubescence (Bernard and Cremeens, 1988 (Brim, 1966) , the population was advanced from the F 2 to the F 5 generation. Plant rows from the and '5002T') , and late test ('JTN-5203', 'Osage', 5002T, and '5601T') were selected to correspond with the appropriate maturity group for their respective test. The 2009 field trials were grown using a randomized complete block design with three replications and grown in three locations (Knoxville, TN; Harrisburg, IL; and Stuttgart, AR). Each entry was planted in a plot consisting of two adjacent rows 6.1-m in length, with the rows spaced 0.8-m apart.
Gas Chromatography
Measurements for palmitic acid, stearic acid, oleic acid, linoleic acid, and linolenic acid were done for each replicate and location of the 2009 field tests using gas chromatography with a procedure described by Spencer et al. (2004) , using a Hewlett-Packard HP 6890 series gas chromatograph (Agilent Technologies) system equipped with a 7683 auto sampler, a 7673 flame ionization detector, an immobilized 30 m × 0.53 mm inner diameter, and an Agilent DB-23 capillary column with 0.5-µm fused stationary phase.
Near Infrared Reflectance Spectroscopy
Following harvest from each location of the 2009 growing season, approximately 25 g of seed from each plot were ground for 20 sec in a Knifetec 1095 Sample Mill (FOSS Tecator) to produce ground whole soybean with a uniform consistency and particle size. Samples were analyzed using the NIRS instrument (NIR 6500, FOSS North America) as described by Panthee et al. (2006) , except that for this study the ground samples were scanned using updated ISIscan software v. 2.85. The equation used for NIRS prediction of genistein, daidzein, and glycitein was derived from high performance liquid chromatography (HPLC) analysis using 497, 499, and 492 samples with R 2 values of 0.85, 0.85, and 0.65, respectively. This produced sample estimates for the soybean isoflavones genistein, daidzein, and each maturity test are listed for genistein (Table 1) , daidzein (Table  2) , glycitein (Table 3) , and total isoflavones (Table 4) .
RESulTS ANd dISCuSSION
Phenotypic Traits
There were significant differences among RIL, locations, reps, and location × RIL interactions for genistein, daidzein, glycitein, and total isoflavones in the early, mid, and late tests (P < 0.001). In each test, Essex had a numerically higher value for genistein, daidzein, and total isoflavones, whereas Williams 82 had a higher value for glycitein (Table  5 ). For each isoflavone in the early test and mid test, and for glycitein in the late test, transgressive segregation was observed, in which a large number of individual RIL values were higher or lower than either parent. This suggests that both parents carry alleles governing isoflavones heritable in progeny. In every test, daidzein was the most abundant isoflavone, followed by genistein and glycitein, which represents a rank order for isoflavones similar to some previous studies (Kassem et al., 2006; Zeng et al., 2009 ). This differs Table 1 . Quantitative trait loci (QTL) associated with the isoflavone genistein in three 'Essex' × 'Williams 82' subpopulations separated by maturity consisting of 91 or 92 recombinant inbred lines grown over three environments (Knoxville, TN; Harrisburg, IL; and Stuttgart, AR) in 2009. The chromosome (Chr) and cM position for the QTL listed are from the linkage map created for this population. The closest single nucleotide polymorphism (SNP) marker to the QTL peak, logarithm of odds (LOD) score, LOD-1 interval, R 2 value, and additive effect are given for each QTL. The name and consensus 4.0 map position for the closest SNP marker to each QTL peak is also provided. The consensus map 4.0 positions of each BARC single nucleotide polymorphism marker are available at www.soybase.org/. GEN1-chr6 to GEN7-chr9 represent seven QTL for the isoflavone genistein. differences in heritability estimates among the maturity tests illustrate that while much of the variation may be genetic, as evidenced by the higher heritability estimates in the early and the mid tests (Table 5) , a large degree of variation is still affected by external environmental factors, as notable in the late test (Table 5) . A possible explanation for the differences in heritability between maturity tests could be length of exposure to environmental conditions. As each test was harvested at maturity, the early test was removed from the fields first and, therefore, received less interaction with environmental factors affecting seed isoflavone accumulation than the mid and late tests. Similarly, the late test had more time to interact with environmental factors such as moisture and temperature fluctuation, which may have caused greater environmental variability, resulting in lower heritability for each trait.
from many previous studies, in which genistein is the most abundant isoflavone (Eldridge and Kwolek, 1983; Wang and Murphy, 1994; Brouns, 2002; Primomo et al., 2005; Gutierrez-Gonzalez et al., 2009 , 2010b . Heritability estimates were highest for the early test, with values of 0.81, 0.81, 0.54, and 0.81 for genistein, daidzein, glycitein, and total isoflavones, respectively (Table 5) , which were similar to the values obtained by Gutierrez-Gonzalez et al. (2009 , 2010b For each maturity test, there were significant differences (P < 0.05) between determinate and indeterminate RIL for genistein, daidzein, glycitein, and total isoflavone, with the exception of glycitein in the mid test. Numerically, the trends for stem termination were quite similar to those for the parental lines, with determinate RIL displaying a higher value in each maturity test for genistein, daidzein, and total isoflavones (Table 5 ). This was in common with the determinate parent Essex displaying a higher value for these traits than the indeterminate parent Williams 82. Glycitein did not follow this trend as closely, as indeterminate RIL displayed a higher value in the early test and the mid test, while determinate RIL displayed a higher value in the late test (Table 5) .
Phenotypic correlations were obtained using the LSMEAN for all 274 RIL from the population. Strong positive correlations (R = 0.95, P < 0.0001) were found between each of the soybean isoflavones with each other, with the exception of glycitein (Table 6 ). Genistein, daidzein, and total isoflavones displayed low to moderate positive correlations with maturity, yield, palmitic acid, linoleic acid, and linolenic acid (R = 0.24, P < 0.0001). Weak negative correlations were observed between genistein, daidzein, and total isoflavones with lodging and height (R = -0.17, P < 0.01), but moderate negative correlations were observed with protein, oil, stearic acid, and oleic acid (R = -0.37, P < 0.0001). The significant positive correlations with yield and significant negative correlations with seed oil for genistein, daidzein, and total isoflavones were consistent with the results from Primomo et al. (2005) . Correlations between glycitein and other traits were either very weak (R < 0.30) or insignificant at the 5% level of probability, with *** *** *** *** *** *** *** *** *** *** *** the exception of maturity, which was moderately negatively correlated (R = -0.50, P < 0.0001), and oil, which was weakly positively correlated (R = 0.30, P < 0.0001).
The correlations between genistein, daidzein, and total isoflavones with other important agronomic and seed quality traits were largely undesirable, with the exception of the positive correlation with yield and the negative correlation with lodging and stearic acid. For soybean, reduced seed protein content, oil content, and oleic acid content are undesirable, while earlier maturity and reduced palmitic acid and linolenic acid are often targeted goals of improvement. Researchers working to improve these significant quality traits may inadvertently decrease seed isoflavone content to obtain strategic objectives. Future studies should continue research to better understand the relationships among soybean isoflavones and other important agronomic and seed quality traits as breeders strive to optimize improvements.
Genetic Mapping and QTl detection
The 480 polymorphic SNP markers used to create a genetic map for this population spanned 21 linkage groups (Figs. S1, S2, S3, and S4). The map covered a total distance of 3035.4 cM, with an average distance of 6.32 cM between markers. While the overall map distance was greater than the Consensus Map 4.0 , the SNP order and linkage group assignments were similar. The exceptions to this similarity were that for this study, chromosome 13 was split into two linkage groups (designated 13a and 13b), and one marker, BARC-015435-01966, was mapped to chromosome 13 rather than chromosome 6.
In total, seven QTL for genistein (Table 1) (Figs. S5,  S6 , and S7), five QTL for daidzein (Table 2) (Figs. S8, S9 , and S10), three QTL for glycitein (Table 3 ) (Figs. S11 and S12), and six QTL for total isoflavones (Table 4) (Figs. S13, S14, and S15) were detected. The QTL detected in this study could have been affected by the E1 maturity locus (chromosome 6) and the Dt1 growth habit locus (chromosome 19), both of which segregated in this population. Also, the E3 maturity locus on chromosome 19 may have caused an effect on the QTL detected in this population, as it is closely linked with the Dt1 growth habit locus (Watanabe et al., 2009) . However, previous studies have reported QTL for genistein, glycitein, daidzein, and total isoflavones on chromosome 6 (Primomo et al., 2005; Zeng et al., 2009; Gutierrez-Gonzalez et al., 2011) and chromosome 19 (Gutierrez-Gonzalez et al., 2009 , 2010b in nearby genetic regions to the E1 locus and the Dt1 locus, respectively. Furthermore, soybean isoflavones can be associated with maturity and plant height (Primomo et al., 2005) . With these considerations, the QTL detected for genistein, daidzein, glycitein, and total isoflavones on chromosomes 6 and 19 will be considered as actual effects for isoflavones in this study. Yet it should be noted that nearby E1 and Dt1 genes on chromosomes 6 and 19, respectively, have a major effect on soybean growth and development. As previously noted, the stem termination values for genistein, daidzein, and total isoflavones followed the same trends as the parental values, with determinate RIL exceeding indeterminate RIL and Essex (determinate parent) exceeding Williams 82 (indeterminate parent) (Table 5 ). Isoflavone QTL on chromosomes 6 and 19 may be pleiotropic effects of the E1 and Dt1 loci, respectively.
The QTL for genistein, designated GEN1-chr6 through GEN7-chr9, were located on chromosomes 5, 6, 9, 13b, 17, and 19 (Table 1) (Figs. S5, S6 , and S7). In general, QTL detected on the same chromosome in different maturity tests were considered to be the same if the additive effect was in the same direction and they were located within 10 cM of each other, corresponding to the window size for QTL detection. However, the QTL detected on chromosome 9 in the early test was considered to be different from the QTL on chromosome 9 in the late test because the distance between them exceeded 40 cM (Figs. S5 and S7). The R 2 values for QTL detected for genistein in this study ranged from 0.09 to 0.23 (Table  1) , representing large genetic effects. Four of the QTL detected for genistein, located on chromosomes 5, 9, and 17, have not been previously reported. Of these, the QTL GEN2-chr9 on chromosome 9 detected in the early test had the largest R 2 value (0.23), which represents a putative new major QTL for genistein that could be useful for MAS. Examination of the Consensus Map 4.0 revealed that the QTL for genistein on chromosomes 6 (GEN1-chr6) (Primomo et al., 2005; Zeng et al., 2009; Gutierrez-Gonzalez et al., 2011) , 13 (GEN3-chr13b) (Zeng et al., 2009; Gutierrez-Gonzalez et al., 2009 , 2010b , and 19 (GEN6-chr19) (Gutierrez-Gonzalez et al., 2009 , 2010b have been reported previously and are supported by our findings. The studies conducted by Primomo et al. (2005) and Zeng et al. (2009) were conducted in extremely different environments using different parents than the current study. Thus, finding the same QTL under rather different conditions represents a positional confirmation. The studies by Gutierrez-Gonzalez et al. (2009 , 2010b as well as this study used Essex as a parent in population development, representing the confirmation of QTL from genetically similar populations grown in different sets of environments. However, in this study, Essex was the high isoflavone parent, whereas in GutierrezGonzalez et al. (2009 GutierrezGonzalez et al. ( , 2010b , Essex was the low isoflavone parent. In Gutierrez-Gonzalez et al. (2009 , 2010b , the presence of the Essex allele resulted in a decrease from the population mean for the genistein QTL on chromosome 13 and an increase over the population mean for the QTL on chromosome 19. The same effects for the Essex alleles were observed in this study for the genistein QTL detected on chromosomes 13b and 19, for which we suggest the confirmed QTL symbols cqGenistein-001 and cqGenistein-002, respectively. This consistency in the effect of the Essex allele for the QTL on chromosomes 13 and 19 across studies could have implications for MAS. The reoccurrence of these QTL in different environments, but with a common parent, demonstrates a consistency that is important when considering heritable QTL for MAS.
On the basis of our results for a fully additive genetic model, MAS assembling QTL in the allelic form for higher genistein within each maturity test could potentially increase that isoflavone by 19, 9, and 7% above the mean value in the early, mid, and late tests, respectively. This would provide a targeted prediction of 0.82 mg g -1 and 0.73 mg g -1 genistein for the early and late tests, respectively, both of which exceed the values of the high parent (Essex) in their tests. The predicted value for MAS in the mid test at 0.82 mg g -1 was similar to the value for Essex (0.84 mg g -1
). For the early, mid, and late tests, the predicted improvement by MAS of genistein is below the maximum value, which indicates that further genetic variation for genistein could exist in this population that was not accounted for by the detected QTL.
The QTL detected for daidzein, designated as DAI1-chr6 through DAI5-chr5 in this study, were located on chromosomes 5, 6, 9, 13, and 19 (Table 2) (Figs. S8, S9 , and S10). As with genistein, QTL detected on the same chromosome in different maturity tests were considered to be the same if the additive effect was in the same direction and they were located within 10 cM of each other. All the QTL detected for daidzein were major, with R 2 values ranging from 0.10 to 0.30. Both the smallest (0.10) and the largest (0.30) R 2 values detected for daidzein were for the same QTL, DAI4-chr19, detected in different maturity tests. This difference could represent the effect of maturity on the expression of daidzein. There were four QTL detected for daidzein in the early test, of which DAI4-chr19 had the lowest R 2 value (0.10), and two QTL detected for daidzein in the mid test, of which DAI4-chr19 had the highest R 2 value (0.30). Of the QTL detected for daidzein, only the one located on chromosome 5 had not been previously reported. Examination of the Consensus Map 4.0 revealed that QTL in similar genetic regions to those detected in this study on chromosomes 6 (Gutierrez-Gonzalez et al., 2011), 9 (Kassem et al., 2004) , 13 (Primomo et al., 2005; Zeng et al., 2009), and 19 (Gutierrez-Gonzalez et al., 2009 ) had all been identified by previous research efforts and are positional confirmations in this study. Moreover, Gutierrez-Gonzalez et al. (2009) and Kassem et al. (2004) also used Essex as a parent in population development. As in this study, the Essex allele for the QTL detected on chromosomes 9 (Kassem et al., 2004) and 19 (GutierrezGonzalez et al., 2009) contributed to an increase over the population mean value. We propose the confirmed QTL symbols cqDaidzein-001 and cqDaidzein-002 for these QTL on chromosomes 9 and 19, respectively. The confirmation of these QTL from previous studies, in particular those in which Essex was used as a common parent, are promising when considering MAS for daidzein, which is quite susceptible to environmental variation.
Using our results for a fully additive genetic model, an improvement of 13, 4, and 2% for daidzein over the mean value in the early, mid, and late tests, respectively, could be expected if MAS for daidzein QTL were employed. This would provide predicted values of 0.90, 0.87, and 0.80 mg g -1 daidzein in the early, mid, and late tests, respectively; each is greater than the high parent (Essex) value but less than the maximum value for daidzein in their respective tests, suggesting that further genetic variation for daidzein exists in this population that was not accounted for by the detected QTL.
The QTL detected for glycitein, designated as GLY1-chr6 through GLY3-chr20, were located on chromosomes 6, 9, and 20 (Table 3 ) (Figs. S11 and S12). The R 2 values for glycitein QTL ranged from 0.15 to 0.20, indicative of major QTL. Fewer QTL were detected for glycitein than for any of the other isoflavones, with none being detected in the late maturity test. This may be the result of the lower heritability values and lower accuracy of the NIRS prediction equation (R 2 = 0.65) for glycitein in relation to the other isoflavones. Examination of the Consensus Map 4.0 revealed that glycitein QTL in nearby genetic regions to those detected in this study on chromosome 6 (Gutierrez-Gonzalez et al., 2010b) and chromosome 9 (Gutierrez-Gonzalez et al., 2009) have been previously reported in studies containing Essex as a parent. Gutierrez-Gonzalez et al. (2010b) reported that the Essex allele for the glycitein QTL on chromosome 6 caused a decrease from the population mean, which was consistent with the results from this study, so we propose the confirmed QTL symbol cqGlycitein-001 for this QTL. However, in contrast to this study, GutierrezGonzalez et al. (2009) found the Essex allele to cause a reduction in the population mean value for glycitein for the QTL on chromosome 9, thus representing a positional confirmation rather than a confirmation.
Using a fully additive genetic model to estimate MAS improvement for glycitein, an increase of 1% in both the early and the mid tests could be expected. These predicted improvements over the mean are still below the high parent (Williams 82) values in each test. No potential for increase would be expected using MAS in the late test, as no glycitein QTL were detected. The use of MAS for glycitein in this population does not appear to be an effective method. Rather than seeking to improve glycitein content alone, it may be more useful to seek glycitein improvement as a component of total isoflavone content.
Since each of the isoflavones has beneficial effects for humans, the identification of QTL for total isoflavone content is perhaps the most important information to obtain for use in genetic improvement. Because the two major isoflavones, genistein and daidzein, are strongly correlated with each other as well as total isoflavones (Table  6) , improvement of total isoflavones would result in the increase of genistein and daidzein. The QTL detected for total isoflavone content in this study, designated as ISO1-chr6 through ISO6-chr5, were located on chromosomes 5, 6, 9, 13, and 19 (Table 4) (Figs. S13, S14 , and S15). As with genistein and daidzein, QTL detected on the same chromosome in different maturity tests were considered to be the same if the additive effect was in the same direction and they were located within 10 cM of each other. Like daidzein, which was the largest contributor for total isoflavones, four QTL for total isoflavones were detected in the early test, while only two QTL were detected in the mid and late tests. The heritability values were once again much lower in the late test (0.43) than in the early (0.81) or mid (0.71) tests. For the QTL detected for total isoflavone content, the R 2 values ranged from 0.09 to 0.21. Both of the QTL on chromosome 5 and the QTL on chromosome 9 have not been previously reported. Of these, the QTL on chromosome 9 is notable, as it explained the greatest variation in total isoflavone content. Examination of the Consensus Map 4.0 showed that total isoflavone QTL in nearby genetic regions to those detected in this study on chromosomes 6 (Primomo et al., 2005; Gutierrez-Gonzalez et al., 2011 ), 13 (Zeng et al., 2009 ), and 19 (Gutierrez-Gonzalez et al., 2009 , 2010b had been detected previously, representing a positional confirmation. This study, as well as Gutierrez-Gonzalez et al. (2009 , 2010b , used Essex as a parent. For the QTL detected on chromosome 19 by Gutierrez-Gonzalez et al. (2009 , 2010b , the Essex allele contributed to an increase over the population mean, which was consistent with the results from this study. This QTL for total isoflavone content (ISO4-chr19) may be useful for MAS as it has been also reported in previous studies (Gutierrez-Gonzalez et al., 2009 , 2010b , it was detected in each maturity test in this study, and a similar QTL was detected in approximately the same genetic region for both genistein (GEN6-chr19) and daidzein (DAI4-chr19). We propose the confirmed QTL symbol of cqIsoflv-001 for this total isoflavone QTL.
A fully additive genetic model estimating the effects of MAS for total isoflavones in this population would predict values exceeding the mean by 15, 4, and 2%, in the early, mid, and late tests, respectively. These improvements would result in predicted values of 1.91, 1.82, and 1.66 mg g -1 for the early, mid, and late tests, respectively, which are greater than the mean value in every instance. These potential improvements using MAS are greater than the high parent (Essex) value in the early and late tests but less than Essex in the mid test. The early test had a higher heritability value for total isoflavone content and more QTL detected than either the mid or the late test, so it is consistent with expectation that the subset of RIL genotypes in the early test would exhibit the greatest potential for improvement through MAS. However, in each test, the maximum value for total isoflavone content exceeded the predicted MAS value. Greater genetic variation for total isoflavone content may exist in this population than was accounted for by the detected QTL. Moreover, some of the differences between the maximum value observed and the highest value predicted by MAS can be explained by the environmental factors that contribute to isoflavone variation.
Many of the QTL detected in this study for different isoflavones existed in nearby genetic regions. For example, five of the QTL detected for genistein (GEN1-chr6, GEN2-chr9, GEN3-chr13b, GEN4-chr5, and GEN6-chr19) were in nearby genetic regions to QTL detected for daidzein (DAI1-chr6, DAI2-chr9, DAI3-chr13b, DAI5-chr5, and DAI4-chr19) and for total isoflavones (ISO1-chr6, ISO2-chr9, ISO3-chr13b, ISO5-chr5, and ISO4-chr19). As genistein and daidzein are the primary components of total isoflavones in soybean, it seems evident that the QTL for genistein or daidzein would be the same as those detected for total isoflavones. For comparison of the QTL detected for genistein, daidzein, and glycitein, examination of the phenylpropanoid pathway from which they are synthesized helps to shed some light on the results (Fig. 1) . Synthesis of each of the isoflavones have many steps in common, so QTL detected in nearby genetic regions for different isoflavones could possibly represent genes controlling enzyme expression for common steps in the phenylpropanoid pathway.
Identifying markers that are associated with specific enzymes in the phenylpropanoid pathway will be an important step in the genetic improvement of soybean isoflavones. Among the more influential enzymes to be targeted are phenylalanine ammonia lyase, which is the first committed step in the phenylpropanoid pathway, and isoflavone synthase, which is a key step in the biosynthesis of isoflavones (Du et al., 2010) . Other important enzymes that would be expected to influence isoflavone concentration include cinnamate-4-hydroxylase, 4-coumarate CoA ligase, chalcone synthase, chalcone reductase, and chalcone isomerase (Fig. 1) . The isoflavone synthase 1 gene and the isoflavone synthase 2 gene have been mapped to chromosomes 7 and 13, respectively . While none of the QTL detected in this study were located on chromosome 7, there were QTL detected for genistein (Table 1), daidzein (Table 2) , and total isoflavones (Table  4) on chromosome 13, which could possibly be associated with the isoflavone synthase 2 gene.
A more in-depth look into the location of candidate genes in relation to SNP markers closely associated with QTL detected in this study reveals some interesting insight. One QTL each for genistein (GEN4-chr5), daidzein (DAI5-chr5), and total isoflavones (ISO5-chr5) is located less than 1 mega base pair (Mbp) from a gene with possible influence on soybean isoflavones. Using the SNP marker genomic sequence position (SoyBase and the Soybean Breeder's Toolbox, 2013) for the QTL for genistein (Table  1) , daidzein (Table 2) , and total isoflavones (Table 4) , it was determined that GEN4-chr5, DAI5-chr5, and ISO5-chr5 all are located less than 0.7 Mbp from the chalcone synthase 2 gene (National Center for Biotechnology Information, 2013). This relative closeness in proximity could indicate that these QTL represent a genetic difference for the chalcone synthase 2 gene that partially explains the differences for genistein, daidzein, and total isoflavones in this population. Additionally, comparison of the SNP marker genomic sequence position (SoyBase and the Soybean Breeder's Toolbox, 2013) for GEN3-chr13b, DAI3-chr13b, and ISO3-chr13b for the QTL for genistein (Table 1), daidzein  (Table 2) , and total isoflavones (Table 4) revealed that these QTL are located less than 4.7 Mpb from the isoflavone synthase 2 gene (National Center for Biotechnology Information, 2013). While this represents a greater genetic distance than the QTL associated with the chalcone synthase 2 gene, these QTL could still be associated with the isoflavone synthase 2 gene, which would help to explain the variation for these isoflavones in this population.
CONCluSION
Overall, 21 QTL for genistein, daidzein, glycitein, or total isoflavones were detected by this study, of which 12 have been previously identified. The QTL detected in this study are important for several reasons. Selections for another trait, such as yield, could be made while simultaneously selecting QTL for isoflavone improvement. However, increased isoflavone content may occur coincidentally when selecting for yield because of the positive correlation between these two traits. Perhaps more important would be using isoflavone QTL to make simultaneous selections with a negatively correlated trait such as protein, so that improvements could be made, or at least losses could be minimized in both traits. Additionally, QTL could be used for selection at offsite nurseries, making the breeding process more efficient.
The parents chosen for this study both have significance, as Essex has been used for several previous isoflavone detection studies (Meksem et al., 2001; Kassem et al., 2004; Kassem et al., 2006; Gutierrez-Gonzalez et al., 2009 , 2010b , and Williams 82 was the genotype that was sequenced to obtain the soybean whole genome sequence (Schmutz et al., 2010) . In addition, Essex is a prominent ancestor of modern southern U.S. cultivars, and 'Williams', from which Williams 82 was derived, is a prominent ancestor of modern northern U.S. cultivars (Hyten et al., 2004) . The detection of 12 previously reported QTL for genistein, daidzein, glycitein, and total isoflavones grown in different environments, using different as well as similar parents is noteworthy in identifying consistent genetic regions controlling isoflavone content. As environmental variation for isoflavones is a significant hurdle for making genetic improvements, the confirmation and positional confirmation of QTL in diverse environments is particularly useful for capturing genetic improvements. The importance of confirmation and positional confirmation for these 12 QTL is further illustrated in that most previous studies used HPLC analysis for isoflavone detection, while this study used the much faster and lower cost method of NIRS. The QTL detected by this study could be beneficial for MAS, resulting in the genetic improvement of soybean isoflavones. Fig. 1 . Diagram of the phenylpropanoid pathway adapted from Gutierrez-Gonzalez et al. (2010a) . enzymes used in pathway: phenylalanine ammonia lyase (PAL), cinnamic acid 4-hydroxylase (c4H), 4-coumarate:coA ligase (4cL), chalcone synthase (cHS), chalcone reductase (cHR), chalcone isomerase (cHi), isoflavone synthase (iFS), flavanone 3-hydroxylase (F3H), dihydrofl avonol reductase (DFR), isoflavone reductase (iFR), flavonol synthase (FLS), and isoflavone hydroxylase (12'H).
